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The present work aims to enhance the energy efﬁciency of water supply networks by investigating
technical and economical feasibility of energy recovery plants at low installed capacities. A cost effective
stainless steel machine is investigated in pump and turbine operation and established conversion
methods are used for predicting the best efﬁciency point of the turbine. The obtained results show a
reasonable agreement of the BEP, but experimental investigations are still indispensable for a determi-
nation of complete Q-H-characteristics.
The hydraulic machine is implemented in ﬁeld at the transfer shaft of a high-level tank and valuable
data concerning investment costs and water hammer have been collected. A proposed cost classiﬁcation
scheme will facilitate the acquisition of investment costs for further applications. The economic proﬁt-
ability of the hydropower plant is evaluated by the net present value method and the obtained results
give incentives to exploit unused energy recovery potential within water supply systems.
© 2018 Elsevier Ltd. All rights reserved.1. Introduction
Energy recovery, in terms of drinking water supply systems, is
deﬁned as a process where the energy of the residual supply
pressure is recovered. For a long time now, there have been energy
recovery systems implemented in drinking water supply networks.
However, there is still an unused potential especially in the appli-
cation range of hydraulic machines with low installed capacities
e.g. located at transfer shafts or tank-inlets. So far, commonly
implemented turbine types for energy recovery purposes are
Francis-turbines [21], micro-hydro impulse turbines [15], Axent
turbines [17] or pumps in reverse operation mode, also known as
PAT's (pumps as turbines). In comparison to the other hydraulic
machinery used in the same ﬁeld of application, PAT's are less
expensive and can be used in a wide application range. Up to now,
mainly larger potentials of approximately P  50 kW are used for
energy recovery in Germanwater supply systems. This is due to the
fact that characteristics of cost efﬁcient stainless steel pumps are
regularly not available in turbine mode.
This study aims to make use of cost efﬁcient reverse running. Kramer).pumps at low capacity sites within drinking water systems.
Therefore, the implementation of stainless steel pumps in turbine
operation mode is investigated regarding the technical and
economical feasibility. Measurements are conducted on a PAT in
laboratory and ﬁeld tests. Within these investigations, typical Q-H-
relations (Q: discharge, H: head), efﬁciency curves, power curves
and runaway characteristics are recorded. Furthermore, the best
efﬁciency point (BEP) is determined in order to convert pump
characteristics into turbine characteristics. In practical tests, the
hydraulic machine is implemented in a drinking water supply
system. These site investigations are essential to evaluate the
possible occurrence of water hammer in case of a load drop. To
prove economical feasibility of the designed energy recovery plant,
the net present value is evaluated. Data, such as investment costs,
maintenance costs and feed-in tariffs are collected in order to be
able to draw more general conclusions regarding the economic
proﬁtability of energy recovery units at low installed capacities.
Moreover, the obtained results might give an indication of invest-
ment costs for other potential sites.
This work presents results of two research projects, supported
by the German technical and scientiﬁc association for gas andwater
(DVGW) and undertaken by the authors in close collaboration with
local drinking water supply companies. Further information, e.g. an
extensive review on suitable hydraulic machinery, an evaluation of
energy recovery potential within the South German drinking water
M. Kramer et al. / Renewable Energy 122 (2018) 17e2518supply system and ﬁeld studies (including investment costs) are
presented in the corresponding technical reports, see Refs. [23,24].
2. Background
2.1. Reverse running pumps - historical development
The use of pumps as turbines has been investigated for more
than 80 years. Kittregde and Thoma [13] are the ﬁrst contributors in
this ﬁeld of research. They show that centrifugal pumps can efﬁ-
ciently be used as turbines. Compared to pump operation, ﬂow and
impeller direction are inverted in turbine operation of the hydraulic
machinery. Based on these experiences, other researchers, such as
Knapp [14], published data of experimental investigations on tur-
bine operation of different types of pumps. However, experimental
investigations are cost and time consuming and therefore, the focus
was set on the prediction of turbine characteristics based on pump
characteristics, see Kittredge [12] and Stepanoff [20]. Further in-
vestigations at early stage were conducted by Schmiedl [18], Wil-
liams [25] and Cohrs [5]. The developed methods for the prediction
of turbine performance are associated with some uncertainties, but
nevertheless they can be regarded as the starting point for the
widespread implementation of centrifugal pumps in turbine
operation.
2.2. Conversion methods from pump to turbine mode
Theoretical models and experimental investigations are used to
predict the behaviour of pumps in turbine operation. Important
operating points of hydraulic machines are the best efﬁciency point
as well as the idle point. The next sections present established
correlations for determining these operating points including the
efﬁciency coefﬁcient at the BEP.
2.2.1. Best efﬁciency point (BEP)
The best efﬁciency point of the hydraulic machine is deﬁned by
the operating conditionwhere a maximum efﬁciency is achieved. It
is well known that the Q-H-characteristic of a centrifugal pump in
turbine operation at the BEP is shifted to higher discharges and
heads compared to pump operation. Different empirical equations
for determining the BEP of a reverse running pump in turbine
operation have been set up in the past and some of them can be
reduced to the general form of:
qc;bep ¼
Qbep;T
Qbep;P
¼ c b
habep;P
(1)
hc;bep ¼
Hbep;T
Hbep;P
¼ c b
habep;P
(2)
Herein, qc;bep and hc;bep are head and discharge correction fac-
tors, Qbep;T is the discharge in turbine operation, Qbep;P is the
discharge in pump operation, hbep;P is the efﬁciency in pump
operation, Hbep;T is the turbine head and Hbep;P is the pump head,
whereas a, b and c are constants related to the particular correla-
tion. Williams [26] reviews existing correlations based on recorded
data of 35 turbine tests on pumps of various types and sizes and
develops a criteria for an acceptable prediction of the BEP (Section
3.4). After comparing different predictions methods, Williams [26]
concludes that none of the investigated methods allow an accurate
and generalized prediction for pumps. However, the method of
Sharma [19] is recommended as estimate of the turbine perfor-
mance. The discharge correction factors of Sharma's method are
equal to those deﬁned in Eqs. (1) and (2) with the constant factorsof c¼ 1, b¼ 1 and a¼ 0.8 or 1.2, respectively.
However, there is a variety of existing designs of centrifugal
pumps. These are difﬁcult to cover with one common general
approach. Wesche [22] classiﬁes centrifugal pumps in accordance
with geometrical features into three different types and gives cor-
rections factors for the determination of the BEP:
 Type A: volute pump with axial inlet
 Type B: volute pump with lateral inlet
 Type C: multistage pump with guide vanes
The correction factors are shown in Table 1, together with
correction factors for the idle point. The listed correlations include
the speciﬁc speed of the pump, which is a ﬂuid-mechanical quan-
tity describing the runner shape of a hydraulic machine. The spe-
ciﬁc speed can be calculated as nq ¼ n
ﬃﬃﬃﬃ
Q
p
=H3=4, where n is the
rotational speed, Q the discharge, and H the pump head. The un-
certainties of the turbine heads and discharges of the BEP being
calculated with the given factors are in a range of ± 10% [22].
Yang et al. [27] determine Q-H-characteristics and efﬁciency
coefﬁcients of a single stage centrifugal pump by a combined
experimental and numerical investigation. The CFD results were in
good agreement with the laboratory data of the pump and the
turbine mode of the hydraulic machine. Slight differences in the
results were assigned to leakage loss through balancing holes and
mechanical loss caused by mechanical seal and bearings. Further
numerical simulations, also on axial machines, have been carried
out by Refs. [3,4,6,28]. They show that numerical simulations can be
a suitable tool for the prediction of the turbine operation of a
centrifugal or axial pump. However, the effort of performing a
numerical simulation is considerable high when compared to the
application of empirical correlations.
To summarise, different authors contributed to evaluation of the
BEP of centrifugal pumps in turbine operation after the substantial
work of Williams [26]. Besides experimental investigations, nu-
merical simulations enhanced the understanding of the underlying
physical processes. A comprehensive review of the state-of-the-art
using centrifugal pumps in turbine mode is given in Jain [11]. The
most crucial restriction in an accurate prediction of the BEP is the
variety of existing geometries and designs of centrifugal pumps.
Therefore, available approaches only allow an estimation of the BEP
including a certain level of uncertainty. In most cases, an exact
prediction is only possible through experimental investigations.
2.2.2. Efﬁciency coefﬁcient
The impeller of a centrifugal pump has usually a higher degree
of reaction compared to the impeller of a hydraulic turbine. This
implies that the blade channels of pumps are longer and the
amount of converted pressure energy is higher, whereas less kinetic
energy is converted. It was found that this speciﬁc design of pump
impellers has no signiﬁcant disadvantages in turbine mode and the
efﬁciency coefﬁcient of a pump in turbine operation is hardly lower
(in some cases even higher) than in pump operation [22]. The ef-
ﬁciency of the BEP in turbine mode corresponds approximately to
the efﬁciency coefﬁcient in pump mode [9]:
hbep;T ¼ hbep;P±0:02 (3)
2.2.3. Idle point
In the event of a sudden load loss of the generator, the speed of
the PAT will increase until a maximum steady-state condition is
reached. This condition is denoted as runaway speed and is very
important for the operation of the energy recovery unit due to the
Table 1
Correction factors for determining the BEP and the idle point according to Ref. [22].
Type A Type B Type C
qc;bep ¼ 1.98e0.45 $n0:1q;P qc;bep ¼ 1.52e0.2 $n
0:05
q;P qc;bep ¼ 2.72e0.55 $n0:25q;P
hc;bep ¼ 2.06e0.45 $n0:1q;P hc;bep ¼ 1.6e0.2 $n
0:05
q;P hc;bep ¼ 2.8e0.55 $n0:25q;P
qc;idle ¼ 0.39 þ 2.5 $105$n2q;P qc;idle ¼ 0.39 þ 2.5 $10
5$n2q;P qc;idle ¼ 0.39 þ 2.5 $105$n2q;P
hc;idle ¼ 1.24e0.6 $n0:05q;P hc;idle ¼ 1.24e0.6 $n
0:05
q;P hc;idle ¼ 0.7e0.2 $n0:05q;P
Fig. 1. Flow duration curve at the high-level tank S€orenberg.
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increasing rotational speeds, at worst leading to pressure surges. In
addition, the runaway speed often deﬁnes the maximum design
speed of the rotor (generator). The idle point constitutes the limit of
turbine operation and is represented as runaway characteristic in
the hill chart of the hydraulic machine. In order to determine the
idle point of a PAT, Guelich [9] presents empirical correlations,
referring to the BEP (Qbep;T;Hbep;T) in turbine operation:
qc;idle ¼
Qidle;T
Qbep;T
¼ 0:3þ nq;P
400
(4)
hc;idle ¼
Hidle;T
Hbep;T
¼ 0:55 0:002 nq;P (5)
herein qc;idle and hc;idle are head and discharge correction factors for
the idle point, Qidle;T is the discharge in turbine operation, Hidle;T is
the turbine head and nq;P is the speciﬁc speed of the pump. Further
correlations referring to centrifugal pumps of the types A, B and C
are listed in Table 1.
2.3. Economic assessment of energy recovery units
The capacity of energy recovery units in drinking water supply
systems is typically below P¼ 100 kW and therefore, these plants
can be assigned to the micro-hydro sector, described in Ref. [7]. In
micro-hydro systems, the relative investment costs of electro-
mechanical equipment are typically higher than in large-scale
plants [16]. Therefore, the choice of the hydraulic machine is
essential in order to provide an economically beneﬁcial system.
Different studies compare the investment costs of PAT's with con-
ventional turbines. Fernandez et al. [8] conclude that there is a
signiﬁcant reduction in the investment costs of micro-hydro plants
when using pumps instead of turbines. Yang et al. [27] summarise
that pumps working as turbines (P¼ 1 to 500 kW) allow payback
periods of two years or less, which is considerably less than that of a
conventional turbine. Although it is well-known that PAT's have
lower efﬁciency coefﬁcients than conventional turbines, the
implementation of reverse running pumps is suitable for a cost-
effective operation of energy recovery units in drinking water
systems, mainly due to their low investment costs. However, the
economic feasibility of these units is still highly dependent on
particular site conditions, such as feed-in tariff, pipe arrangement
or the presence of electrical grid connection. In order to give an
indication of the economic proﬁtability of energy recovery in a
German drinking water supply system, the results of a case study
are introduced within the present work.
3. Measurements on turbine operation of a centrifugal pump
3.1. Pilot site and selection of hydraulic machinery
In the present work, the turbine operation of a centrifugal
stainless steel pump is investigated in laboratory and at a selectedpilot plant within the drinking water supply system. The pilot plant
is installed at the high-level tank S€orenberg, located in the Rems-
Murr district in the German federal state of Baden-Würrtemberg.
Fig. 1 shows the ﬂow duration curve at the high-level tank
(S€orenberg) before implementation. In order to retain the man-
agement of the high-level tank after implementing the stainless
steel centrifugal pump, a design ﬂow rate of Q¼ 40 l=s is chosen for
the turbine mode. The ﬂow duration curves, before and after
implementation, are given in Fig. 1. The annual discharge volume is
processed after 290 d. The chosen design of the turbine will lead to
machine downtimes according to the schedule. This disadvantage
is accepted to guarantee the retention of the management strategy
of the tank in order to fulﬁll the existing supply policies. The design
head of the hydraulic turbine is determined with the characteristic
system-curve at the pilot plant and amounts H¼ 55m. Based on
these design parameters and in cooperationwith the manufacturer,
theMovitec VF-90-1 is selected as suitable hydraulic machine. It is a
cost efﬁcient single-stage stainless steel pump with vertical axis,
inline design and asynchronous electrical motor generator. The
power-output of the turbine is estimated with an assumed overall
efﬁciency coefﬁcient of htot ¼ 0.69 to be in the order of Pz 15 kW .3.2. Laboratory setup, metrology and results
Laboratory measurements on the hydraulic machine are con-
ducted at a turbine test rig shown in Fig. 2. A large bottom tankwith
a volume of 1250 m3 assures a constant water temperature of the
test water. The feed line leads from the bottom tank over two high-
level tanks (ﬁxed overfalls) to a centrifugal booster pump. The
booster pump is connected to the electrical grid with variable speed
and maintains the pressure head at the turbine inlet. The test tur-
bine is installed within the measurement section of the test bed,
consisting of a polyethylene (PE) pipe with a nominal diameter of
150 mm.
Fig. 2. Sketch of the experimental setup; measurement devices see Table 2.
Fig. 3. Pump (P) and turbine (T) characteristics of the Movitec-VF-90-1; nM ¼ 6; (a)
head; (b) efﬁciency.
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hydraulic machine with piezoelectric pressure transmitters p1 and
p2. Each pressure sensor is mounted on a ring line and therefore
connected to four measurement wholes equally distributed around
the circumference of the pipe. This setup and the distance between
the pressure transmitters and the nozzles of the hydraulic ma-
chinery conform with speciﬁcations of the European standard EN
ISO 9906 [2] ”Acceptance tests of rotodynamic pumps” at level 1
grade. The discharge of the hydraulic machine is measured with an
electromagnetic ﬂow meter (Q1) located upstream of the booster
pump. In order to measure the rotational speed of the hydraulic
machinery, an optical sensor is attached to the hood of the electric
motor generator. The electrical motor generator is coupled via a
variable frequency drive (VFD, type: ABB ASC800) to the grid. This
allows a variable speed operation of the hydraulic machine. Usually,
the non sinusoidal signals of frequency drives render measurement
of power input/output of the hydraulic machine with a wattmeter.
Therefore, measuring the power input/output with high precision
requires rigidly coupling of the electrical machine with the grid.
Only under these conditions the power can be measured with a
wattmeter (LMG). Table 2 shows a summary of the measuring de-
vices implemented in the test-bed including their systematic
errors.
During the investigations, different steady-state conditions
(Q,H,p) are adjusted by regulation of hydraulic valves in the head-
and tailwater of the hydraulic machine and by adaptation of the
rotational speed of the booster pump. At the test machine, the
pressures at the nozzles, the discharge and the power are recorded
simultaneously for a measurement period of 150 s for each oper-
ating point. Due to the slip of the asynchronous machine, the
rotational speed of the measured operating points is slightly
different in turbine and pump operation. For better comparability,
this is corrected by applying afﬁnity laws e.g. n¼ 3000 min1. Ac-
cording to EN ISO 9906 [2], acceptance tests are allowed in the
rotational speed range of 80 % to 120 % of the speciﬁed rotational
speed.
Q-H-characteristics. Fig. 3a shows the Q-H-characteristic of theTable 2
Instrumentation of the test-bed.
Name Device Measurand Error
Q1 E þ H Promag 50 W Discharge ± 0.5%
p1 Keller PA-21Y Pressure ± 0.25%
p2 Keller PA-21Y Pressure ± 0.25%
LMG AMS EGZ 30 Power ± 1.0%
n ifm IY5052 Rotational speed einvestigated Movitec-VF-90-1 in pump mode at n¼ 3000 min1
(black squares) as well as the experimental results of the turbine
operation for different rotational speeds of n¼ 2000, 2500 and
3000 min1 (circles). For the measurements of n¼ 3000 min1 in
pump and turbine operation, the motor generator is rigidly coupled
to the electrical grid, whereas a VFD is used for the measurements
at variable speeds. Each visualized measuring point represents the
average of nM ¼ 6 individual measurements. The errors of the
experiment are extremely small and are therefore not plotted. For
further details on the measurement uncertainties, refer to the end
of this Section.
The Q-H-characteristic of a pump, also known as throttling
curve, represents the relationship between the head of the cen-
trifugal pump and its ﬂow rate at constant rotational speed. The
characteristic course of the recorded throttling curve is ﬂat and
stable, complying with the expected behaviour of a centrifugal
pump with a speciﬁc speed of nq ¼ 41.7 min1. Due to this char-
acteristic, a clear assignment of ﬂow rate and head is possible.
The recorded turbine characteristics are in very narrow range
and intersect at a ﬂow rate of Q¼ 32 l=s. For practical application,
the operation of the tested PAT at variable speed would possibly
offer no substantial beneﬁt. As the admissible torque is exceeded at
lower rotational speeds, the turbine characteristics at speeds of
n¼ 2000 and 2500min1 are recorded in a smaller range compared
to n¼ 3000 min1. Besides Q-H-characteristics, Fig. 3a shows the
runaway curve of the turbine (M¼ 0, dotted line) as well as the
planned operating point (Q¼ 40 l=s, H¼ 50m) of the high-level-
tank S€orenberg including tolerance ranges (green cross) of the
grade 2B [2] (tQ ¼ ±8% and tH ¼ ±5%). The Q-H-characteristic of
the turbine at n¼ 3000 min1 is located left of the operating point.
Under ﬁeld conditions, the turbine will operate at the intersection
with the system curve of the water supply system (not shown),
leading to an operation at a lower ﬂow rate and a higher head
compared to the planned operating point of the high-level-tank
S€orenberg.
Efﬁciency coefﬁcients. The overall efﬁciency coefﬁcients (htot) of
the hydraulic machine are plotted in Fig. 3b as black squares
(pump) and circles (turbine). As they are calculated based on the
Table 3
Error analysis for the measured throttling curve (upper part) and the turbine
characteristic at n¼ 3000 min1 (lower part); eQ , eH and eh represent total
uncertainties.
Q ½l=s H ½m n ½min1 eQ ½% eH ½% eh ½%
0.03 31.49 3000 ± 0.5 ± 0.5 ± 1.3
2.91 30.73 3000 ± 0.7 ± 0.5 ± 1.4
7.69 29.05 3000 ± 0.9 ± 0.5 ± 1.8
12.90 27.48 3000 ± 0.6 ± 0.5 ± 1.3
17.51 26.31 3000 ± 0.6 ± 0.5 ± 1.3
21.93 23.45 3000 ± 0.6 ± 0.5 ± 1.3
24.01 21.96 3000 ± 0.5 ± 0.5 ± 1.3
25.55 20.70 3000 ± 0.5 ± 0.5 ± 1.2
27.01 19.39 3000 ± 0.6 ± 0.5 ± 1.3
31.05 15.35 3000 ± 0.6 ± 0.5 ± 1.3
36.19 6.83 3000 ± 0.5 ± 0.6 ± 1.3
38.95 56.47 3000 ± 0.5 ± 0.5 ± 1.3
37.08 51.00 3000 ± 0.5 ± 0.5 ± 1.2
35.24 46.04 3000 ± 0.5 ± 0.5 ± 1.4
33.28 41.35 3000 ± 0.5 ± 0.5 ± 1.2
31.41 37.10 3000 ± 0.5 ± 0.5 ± 1.3
26.69 33.28 3000 ± 0.5 ± 0.5 ± 1.2
27.29 29.66 3000 ± 0.5 ± 0.5 ± 1.2
25.26 26.39 3000 ± 0.5 ± 0.5 ± 1.3
23.25 23.42 3000 ± 0.5 ± 0.5 ± 1.2
21.18 20.80 3000 ± 0.5 ± 0.5 ± 1.2
18.98 18.60 3000 ± 0.6 ± 0.5 ± 1.3
16.50 16.92 3000 ± 0.6 ± 0.5 ± 1.3
Fig. 4. Installation of the PAT at the transfer shaft of the high-level tank S€orenberg.
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”wire-to-water” efﬁciency of the entire unit including impeller and
motor. In terms of practical application, the losses of the electrical
machine have to be taken into account and the presented wire-to-
water efﬁciencies are of high interest for operators of conveyor
systems.
Assuming a constant efﬁciency for the electrical motor gener-
ator of 0.91, the pump and turbine efﬁciencies are determined and
represented by red squares (pump) and circles (turbine). This
approach for the determination of efﬁciency coefﬁcients is also
known as “string-test” and the calculated efﬁciencies (hP , hT )
include hydraulic losses, leakage ﬂow losses, disc friction power
losses and bearing power losses. As the partial load efﬁciencies of
the electrical motor are not exactly known, the presented data of
the string-test approximate the efﬁciency coefﬁcients. The hy-
draulic pump has its maximum efﬁciency of hbep;tot ¼ 0.65 or
hbep;P ¼ 0.71 at a head of Hbep;P ¼ 23.4m and a ﬂow rate of
Qbep;P ¼ 21.9 l=s at a rotational speed of n¼ 3000 min1.
In the partial-load range of turbine operation, a steeper drop in
efﬁciency is evident when compared to pump mode. This behav-
iour is expected due to the fact that the hydraulic machine has no
guide vanes. The BEP of the turbine is at a ﬂow rate of Qbep;T ¼ 31.4
l=s and a turbine head ofHbep;T ¼ 37.1m. At this operating point, the
maximum overall efﬁciencies of hbep;tot ¼ 0.69 and turbine efﬁ-
ciencies of hbep;T ¼ 0.75 are reached. The efﬁciency coefﬁcient of the
hydraulic machine in turbine operation is 4% higher than in pump
operation. This characteristic is not unusual for centrifugal pumps
and was already observed in earlier investigations [22].
Error analysis. The laboratory measurements are conducted in
compliance with the European standard EN ISO 9906 [2]. This im-
plies maximum permissible total uncertainties of eQ ¼± 2.0%,
eH ¼± 1.5% and eh ¼± 3.2%. The total uncertainty of the measured
quantities is given by the root mean square of the systematic error
and the random error:
e ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
e2R þ e2S
q
(6)
where e is the total uncertainty, eR is the random error and eS is the
systematic error.
The systematic errors are determined based on the interval
between the error limits of the measurement devices (see Table 2),
whereas the random errors were estimated based on a Student-t-
distribution:
eR ¼
100,t,s
x,
ﬃﬃﬃﬃﬃﬃ
nM
p (7)
Herein, eR is the random error (in %), t is the Student's t-value
(for 95% conﬁdence level), s is the standard deviation, x is the
arithmetic mean of the measured quantity and nM is the number of
individual measurements (nM ¼ 6).
Table 3 shows an error analysis for the measured throttling
curve (upper part) and the turbine characteristic at n¼ 3000min1
(lower part) including total uncertainties for the ﬂow rate, pump
head and efﬁciency coefﬁcient. The uncertainties are extremely low
and representative for all conducted laboratory measurements
including turbine operation at different rotational speeds.
3.3. Field investigations
Field investigations are conducted at the transfer shaft of the
high-level tank S€orenberg. Fig. 4 shows the installation of the tur-
bine on-site. The ﬂow rate is measured with the water meter Q2 of
the series WP-MFD. Pressure measurements are conducted in the
head- and tailwater of the reverse running pump and are markedwith p3 and p4. The deployed pressure sensors are from the Keller
PA-21Y series and are the same as those used in the laboratory
experiments. Rotational speed is recorded with an optical sensor
(n) mounted at the shaft of the turbine, whereas the power is
recorded with a commercial wattmeter.
After the installation of the test turbine, Q-H-characteristics and
potential water hammer, caused by sudden load loss, are investi-
gated. The on-site characteristics of the reverse running pump are
recorded under steady-state conditions. These are regulated by an
adjustment of the valve in the tailwater of the test turbine. Minor
uncertainties arise during calculation of the pressure losses be-
tween the nozzles of the PAT and the measuring holes. This results
from the speciﬁc geometry of the setup. Furthermore, the water
meter is located in the tailwater of the turbine and might be
affected by swirled outﬂow.
The ﬁeld measurement results of turbine operation at n¼ 3000
min1 and corresponding laboratory data are shown in Fig. 5. Q-H-
characteristics (Fig. 5a) and efﬁciency coefﬁcients (Fig. 5b) of the
hydraulic machine are in good agreement with the laboratory data
Fig. 5. Field measurements (turbine mode) of the Movitec-VF-90-1; nM ¼ 6; (a) head;
(b) efﬁciency coefﬁcient.
Table 4
M. Kramer et al. / Renewable Energy 122 (2018) 17e2522with minor deviations due to the above mentioned uncertainties in
pressure and discharge measurement. In contrast, the runaway
curve (M¼ 0) shows a higher deviation from the laboratory data,
especially at higher discharges. However, taking the ﬂuctuations of
the water meter into account (presented as horizontal bars), the
results have a reasonable precision.
Water hammer investigations are essential in order to avoid
damage of the piping systems. They can hardly be conducted in
laboratory experiments due to relatively short pipe lengths.
Therefore, these investigations are only carried out on-site before
commissioning the energy recovery plant. During full load condi-
tions, the hydraulic turbine is disconnected from the electrical grid,
leading to an acceleration of the runner to a rotational speed of
n¼ 5500 min1. The recorded data are presented in Fig. 6, where
the load rejection is initiated after t¼ 22 s. The swirl of the outﬂow
is strengthened at runaway speed and the ﬂow rates (Fig. 6a) show
an increase in ﬂuctuation. In the headwater of the turbine, a mar-
ginal increase of the pressure p3 (Fig. 6b) is noticeable, whereas the
pressure in the tailwater (p4) drops. However, a signiﬁcant water
hammer is not observed during the investigations and the PAT canFig. 6. Load rejection of Movitec-VF-90-1; (a) discharge; (b) pressure.be put into operation without additional security measures.
3.4. Conversion of pump characteristics
The conversion methods presented in Section 2.2 are used to
predict best efﬁciency (BEP) and idle point of the hydraulic machine
in turbine operation. The measured best efﬁciency points of pump
and turbine mode are summarised in the upper part of Table 4,
whereas calculated best efﬁciency and idle points are listed in the
lower part.
In accordance with Williams [26], the limits of an acceptable
prediction are evaluated based on an ellipse, where the BEP deﬁnes
the centre. The principal axis of the ellipse is deﬁned by limits of ±
30 %, whereas the conjugated axis is set by limits of ± 10 % for both,
Q and H. The precision of the prediction is evaluated with the
”prediction coefﬁcient” [26]:
C ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dwﬃﬃﬃ
2
p
,0:3
2
þ

Dzﬃﬃﬃ
2
p
,0:1
2s
(8)
Herein, C is the prediction coefﬁcient, Dw is the difference
parallel to the principal axis and Dz parallel to the conjugated axis
of the ellipse. Dw and Dz can be expressed in terms of Dq and Dh,
see Fig. 7:
Dw ¼ 1ﬃﬃﬃ
2
p ðDhþ DqÞ (9)
Dz ¼ 1ﬃﬃﬃ
2
p
ðDh DqÞ
 (10)
where Dq and Dh are dimensionless differences in ﬂow rates and
turbine heads. Predicted best efﬁciency points located within the
ellipse have values of C < 1, whereas points outside the ellipse have
values of C > 1.
Fig. 7 shows measured and calculated operating points of the
hydraulic machine in turbine operation including the Williams
plane (blue), Q-H-characteristics (black) and runaway speed (black,
dashed). The following numbers correspond to the ﬁrst column of
Table 4:
1,2 Measured ﬂow rates and pump heads at BEP
3 Speciﬁc speed of the pump
4,5 Measured ﬂow rates and turbine heads at BEPConversion from pump to turbine mode (n¼ 3000 min1).
Nr. Notation Value Unit Eq./Tab. C ½ e ½%
1 Qbep;P 21.9 ½l=s ± 0.6
2 Hbep;P 23.4 ½m ± 0.5
3 nq;P 41.7 ½min1
4 Qbep;T 31.4 ½l=s ± 0.5
5 Hbep;T 37.1 ½m ± 0.5
6 Qidle;T 14.6 ½l=s ± 0.6
7 Hidle;T 15.1 ½m ± 0.5
8 Qbep;T 28.8 ½l=s Eq. (1) a 0.28
9 Hbep;T 35.3 ½m Eq. (2) b
10 Qbep;T 29.1 ½l=s Table 1 0.37
11 Hbep;T 32.9 ½m Table 1
12 Qidle;T 12.7 ½l=s Eq. (4)
13 Hidle;T 17.3 ½m Eq. (5)
14 Qidle;T 13.6 ½l=s Table 1
15 Hidle;T 19.2 ½m Table 1
a With a¼ 0.8, b¼ 1 and c¼ 1.
b With a¼ 1.2, b¼ 1 and c¼ 1.
Fig. 7. Comparison of prediction methods for the best efﬁciency and the idle point in
turbine operation.
Table 5
Investment cost classiﬁcation scheme for energy recovery plants in drinking water
supply systems; Costs for the pilot site S€orenberg are included.
Cost group Notation Costs ½V S€orenberg
800 Construction and water conveyance
810 Installations closed water conveyance
811 Pressure pipe 500
818 Other construction 0
818-1 Elbow pipes 0
818-2 Branch pipes 0
818-3 Fittings 1.000
818-4 Pipe bearings 0
818-5 Sealing measures 0
818-6 Surface treatment (corrosion protection) 0
819 Assembly 2.000
900 Machinery/Electrical engineering
910 Headwater and tailwater, Metrology
911 Headwater gate, motor drive 2.000
912 Tailwater gate, motor drive 0
918 Other installations 0
918-1 Volume ﬂow measurement 0
918-2 Pressure measurement 1.200
918-3 Rotational speed measurement 1.200
919 Assembly 0
920 Turbine unit
921 Impeller, casing, generator 3.500 a
922 Foundation/base frame 500
928 Other installations 0
929 Assembly/commissioning 1.000
930 Electrical engineering and control
M. Kramer et al. / Renewable Energy 122 (2018) 17e25 236,7 Measured ﬂow rates and turbine heads at idle point
8,9 Calculated BEP acc. to Sharma (Eqs. (1) and (2))
10,11 Calculated BEP acc. to Wesche (Table 1)
12,13 Calculated idle point acc. to Gülich (Eqs. (4) and (5))
14,15 Calculated idle point acc. to Wesche (Table 1)
The calculated best efﬁciency points are in the proximity to the
measured best efﬁciency point. A comparison of the conversion
methods reveals that the method of Sharma [19] provides better
results than the method of Wesche [22]. This is also evident for the
calculated prediction coefﬁcients (Eqs. (8)e(10)), which amount
C¼ 0.28 for Sharma's method and C¼ 0.37 for Wesche's method
(Table 4). In the present work, the idle points are calculated based
on the BEP in turbine operation and are also in a reasonable range.
However, assuming that only pump data are available, the predic-
tion error of the idle point will increase with the prediction error of
the BEP (turbine) and may lead to higher deviations. To summarise,
the investigated prediction methods lead to reasonable results. In
the case when exact knowledge of the Q-H-characteristics is
required, experimental investigations of the turbine characteristics
are currently indispensable.931 Cabinet, control device 3.000
932 Wiring 500
933 Battery units, emergency power 2.500
934 Main distributor 0
935 Electrical protection equipment 0
936 Interior 0
937 Automatic control engineering 0
938 Other electrical equipment 200
938-1 Telecommunication technology 0
939 Assembly 8.000
940 Energy transmission
941 Grid connection (power company) 0
942 Household connection, wattmeter 0
943 Circuit breaker 0
944 Lightning protection/grounding 0
948 Other installations 0
949 Assembly 0
950 Optional equipment 0
a Orientation value.4. Cost analysis
The investment cost estimation of energy recovery plants is
crucial for achieving economic proﬁtability. The presence of infra-
structural components, such as hydraulic valves, control technol-
ogy or grid connection may lead to a signiﬁcant reduction of the
initial costs. In this context, it is well-known that initial costs are
extremely site-speciﬁc and that they can be divided into several
categories, including design and construction as well as mechanical
and electrical engineering.
In order to allow for a systematic and generally valid determi-
nation of investment costs for ﬁeld applications, a new cost clas-
siﬁcation scheme is proposed. This scheme originally refers to DIN
276-1 [1] and is modiﬁed in terms of the assessment of energy
recovery plants. The classiﬁcation scheme has three levels which
are identiﬁed by three-digit ordinal numbers. In accordance withDIN 276-1 [1], the total costs are split into seven cost groups within
the ﬁrst level.
As energy recovery units are usually implemented within
transfer shafts or water tanks of the water supply system, the cost
groups 100 to 700 (which give details on property, building and
outdoor facilities) are not detailed in context of the present work. In
order to apply the existing scheme to energy recovery plants, two
additional cost groups are deﬁned for hydropower projects:
 Cost group 800: Construction and water conveyance
 Cost group 900: Machinery/Electrical engineering
The cost groups 800 and 900 were originally developed for large
hydropower schemes, see Ref. [10], and have been modiﬁed within
the present work. Table 5 shows the revised cost groups 800 to 900
for energy recovery units, wherein the third column contains a
Fig. 8. Net present value curves of the implemented energy recovery unit.
M. Kramer et al. / Renewable Energy 122 (2018) 17e2524detailed cost break-up of the installed energy recovery unit at the
high-level tank S€orenberg. Please note that some of the listed
components, such as elbow or branch pipes, are not required at this
ﬁeld site and other components, e.g. the volume ﬂowmeasurement
or the energy transmission, are already present at the transfer shaft.
These sub-categories contain a zero investment.
A proﬁtability analysis of the installed energy recovery plant at
the high-level tank S€orenberg is conducted by using the net present
value method. The net present value method is a dynamic model,
where all arising expenses and revenues are discounted or accu-
mulated to a designated point in time, which is usually the
commissioning date of the energy recovery unit. The net present
value is calculated as:
K0 ¼
XTA
j¼1

Nj  Kj

ð1þ zÞj
 Ki (11)
where K0 is the net present value, TA is the imputed lifetime, Nj are
the revenues within the year j, K are the corresponding costs, z is
the interest (discount) rate, j is a temporal variable and Ki are the
investment costs.
The latter are collected for the energy recovery plant at the high
level tank S€orenberg and amount Ki ¼ 27,100 V. The proﬁtability
analysis is conducted based on the constraints given in Table 6. The
annual working capacity of the plant is estimatedwith regard to the
power output of the hydraulic turbine and the operating time of the
plant, which is determined on the basis of the ﬂow duration curve.
In order to estimate the payback period of the energy recovery
plant, net present value curves are determined with a discount rate
of z¼ 1.5 % for the following scenarios:
(a) Complete feed-in of the generated electricity
(b) Complete own use of the generated electricity
(c) Mixture of own use (50,000 kWh=a) and feed-in of the
generated electricity
Hereby, operational costs (KB) of the plant are estimated by
means of 12 maintenance hours per year with a ﬁxed hourly rate.
The results of the proﬁtability analysis are shown as net present
values in Fig. 8.
The payback period (intersection of net present value curve and
abscissa) for a complete feed-in is reached barely within 20 years,
because of the low feed-in tariff. As the lifetime of the hydraulicTable 6
Constraints of the proﬁtability analysis.
Notation Variable Value Unit
Hydraulic constraints
Design discharge QT 40 ½l=s
Design head HT 55 ½m
Overall efﬁciency htot 0.69 ½
Operating time tB 7150 ½h=a
Power P 14.89 ½kW
Annual working capacity Ea 106,475 ½kWh=a
Economic constraints
Own use 50,000 ½kWh=a
Discount rate z 1.5 ½%
Feed-in tariff v1 2 ½ct=kWh
Own use tariff v2 15 ½ct=kWh
Investment costs Ki
Cost group 800 3500 ½V
Cost group 900 23,600 ½V
Operational costs KB
Number of hours 12 ½h=a
Hourly rate 50 ½V=hmachine is grossly approximated to be 15 years, reinvestments are
likely to be required before reaching the payback period. However,
in the case of a complete own use or a mixture of own use and feed-
in, the payback periods drop signiﬁcantly and therefore, a positive
indication for the investment decision is given.
5. Conclusion
In this study, a reverse running stainless steel pump has been
investigated in laboratory and ﬁeld to improve the economical
proﬁtability of energy recovery plants at low installed capacities of
around 15 kW . The Q-H-characteristics of the Movitec-VF-90-1 are
recorded in pump and turbine operation. The turbine Q-H-char-
acteristics at different rotational speeds are in close proximity.
Therefore, the operation of the Movitec-VF-90-1 at variable speed
would possibly offer no substantial beneﬁt for practical applica-
tions. On the basis of the recorded pump data, a validation of
established conversion methods has been undertaken. The best
efﬁciency point of the investigated turbine can be determined
within reasonable limits by applying the conversion method of
Sharma (1985). However, assuming that only data of pump oper-
ation are available, the prediction error of the idle point in turbine
mode will increase with the error of the predicted best efﬁciency
point. It is concluded, that experimental investigations are still
indispensable when an exact knowledge of turbine characteristics
is required.
In order to enable a systematic and generally valid estimation of
investment costs of energy recovery plants, a new cost classiﬁca-
tion scheme is proposed. By using the net present value method,
economic proﬁtability of the installed energy recovery plant is
investigated. The calculated net present value curves show that the
payback period for a complete feed-in is reached within a time
period, where reinvestments are likely to be necessary. However, if
the generated electricity contributes to the fulﬁllment of the own
demand, the payback periods drop signiﬁcantly and a positive
indication for the investment decision is given. With the collected
data and the proposed classiﬁcation scheme, the present work
provides incentives and new concepts for a more efﬁcient use of
energy in water supply networks.
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